For evaluation of the effective focal spot sizes (EFSS), a method suggested by the EN 60336:2005 standard (standard) could be used. In this study we checked whether it is possible to make some deviations from the requirements of the standard without a significant effect on the result. An image receptor with one intensifying screen or two intensifying screens may be used, but the optical value of the slit image shall be in the range of 1.0÷1.4 and the X-ray tube power shall be ranged of about 30%÷50% of the nominal anode input power. A precision scaled magnifier (magnification of 5÷10x and scale of 0.1 mm) may be used for the slit radiogram width measurement instead of a time-consuming scanning of the slit radiogram. These deviations from the requirements of the EN 60336:2005 standard allows to shorten measurement time and to decrease tube current value during X-ray exposures, which reduces the risk of the Xray tube damage.
Introduction
Focal spot is the area on the anode of an x-ray tube or the target of an accelerator that is struck by electrons and from which the resulting x-rays are emitted [1] . Effective focal spot size is the focal spot area projected perpendicularly onto the image receptor [2] . Measurements of focal spot sizes are essential during acceptance testing and are occasionally performed during image quality evaluation of clinical radiographic systems [3] . The shape and size of a focal spot influence the resolution of a radiographic image. An increase in focal spot size, which may accompany deterioration of the x-ray tube, reduces the ability to define small structures [1] .
For evaluation of the effective focal spot sizes, a method suggested by the EN 60336:2005 standard [4] (hereinafter referred to as "the standard") could be used. The standard precisely describes both test arrangement requirements and exposure parameters, which are indispensable to obtain proper radiograms. However, practical application of this method is very difficult and time-consuming. Typical measurement of focal spot size in two dimensions normally takes 60 minutes or more using a fine-grain radiographic film in a cassette without intensifying screens. The effort of achieving an appropriate optical density on a slit image requires a large tube loading of ~1000 mAs (depending on the tube output and the distance between focal spot and image receptor) [3] . Such exposures overload the X-ray tube and can damage it. Therefore, authors of this paper have decided to check, whether some deviations from the requirements of the standard during evaluation of the effective focal spot sizes of medical diagnostic X-ray tube, are possible to be made without a significant effect on the result.
Material
The effective focal spot sizes have been determined for three radiography X-ray units (two X-ray units: Diagnost 93/Philips and one X-ray unit: Axiom ICONOS R200/ Siemens). Each unit was equipped with a dual focal spot X-ray tube. The nominal focal spot values were as follows: 0.6 for all X-ray units, 1.0 for the unit manufactured by Siemens and 1.3 for two others. Due to differences in nominal focal spot values for each X-ray tube, the smaller focal spot size will be called "small" and the larger focal spot size will be called "large".
For the evaluation of the effective focal spot sizes, the following equipment was used: -Slit Camera (PTW FREIBURG, model L659117), made of tantalum 1.5 mm thick, with a slit 0.01 mm ± 0.001 mm wide and 7.0 mm ± 0.1 mm long; -adjustable height stand (Gammex), from Universal Test Stand RMI 175; -stand base (to put in the radiographic cassette), from Universal Test Stand RMI 175, Gammex; -"Gunsight" Alignment Tool Insert (phantom for determination of the reference axis of X ray tube), from Universal Test Stand RMI 175, Gammex; -radiographic cassette (AGFA), intensifying screens (AGFA, type CP), radiographic films (AGFA, type CPB 400); -film processor (AGFA, model COMPACT E.O.S); -scanner (Epson, model Perfection V750 Pro); -sensitometer (Pehamed, model SensiC), homogeneity of exposures across a step of < 0.02, exposure reproducibility of 0.02 and long-term stability of 0.02; -densitometer (Pehamed, model Normscan), with an accuracy of 0.02 for optical density ≤ 1.00 and of 1.5% for optical density > 1.00; -precision scaled magnifier (ESCHENBACH Optic GmbH+Co, model 11547), magnification of 7x, scale of 0.1 mm; -viewing box (Ultra Viol, model NGP 41), to put on slit radiograms to measure slit radiograms width by using a precision scaled magnifier.
Requirements of the EN 60336:2005 standard for evaluation of the effective focal spot sizes in medical diagnostic X-ray tube assemblies
The effective focal spot sizes shall be determined on the basis of slit camera radiograms. The phantom of the slit camera shall be made of materials with high attenuation properties (for example: tantalum) and the slit shall have the following dimensions: length ≥ 5.0 mm, height ≥ 1.5 mm and width 0.01 mm ± 0.002 mm. During the measurements, the centre of the slit shall be positioned in the reference axis of the X-ray tube. The reference axis is an axis normal to the longitudinal axis of the X-ray tube. It intersects the centre of the actual focal spot ( figure 1 ). An acceptable deviation of the slit position from the reference axis shall not exceed 0.2 mm per 100 mm of the focal spot-slit distance. The focal spot-slit distance shall not be less than 100 mm. The effective focal spot sizes shall be determined in parallel and perpendicular direction in relation to the longitudinal tube axis (figure 1), hereinafter referred to as "tube axis". For this purpose two slit exposures should be performed -one with the slit parallel to the tube axis (image of the focal spot width) and the other with the slit perpendicular to the tube axis (image of the focal spot length) as shown in figure 1. The focal spot slit radiograms shall be made using a fine-grain radiographic film in a cassette without intensifying screens. The cassette shall be placed perpendicularly (within ±1°) to the reference axis of the tube (figure 1). The focal spot slit radiograms shall be made using correct parameters of exposures (such as X-ray tube voltage, exposure time and Xray tube power: table 1) and at a correct image enlargement (table 2) .
The focal spot slit radiograms shall be scanned by means of an optical densitometer. The aperture of the optical densitometer shall have width not exceeding the width of the slit used for the production of the focal spot slit radiograms. The density distribution along the line approximately in the middle of the slit image and perpendicular to the slit image should be obtained (figure 2). The length of the scanning distance should be equal to the product of enlargement (E) and at least the quadrupled maximum allowed value of the nominal focal spot. The values of density above base and fog shall be transformed into a curve showing linear distribution of the radiant intensity over the width of the radiogram, by means of a densitometric curve showing the relation between radiant intensity and density. The densitometric curve shall be established using an identical radiographic film processed under the same conditions as those used for the focal spot slit radiogram. The Line Spread Function shall be deduced from the curve showing the linear distribution of the radiant intensity over the width of the radiogram, where the axis values in the scanning direction are divided by the enlargement E used to acquire the focal spot slit radiogram.
The actual dimension of the focal spot shall be determined as the value related to the Line Spread Function, measured at 15% of the peak value. 
Methods

Measurement set-up
Height adjustable stand [5] (figure 3) was positioned on the Xray unit table under the X-ray tube in a way which allowed to obtain enlargement E > 2.00. "Gunsight" Alignment Tool Insert (figure 4) was placed on the top of the stand in order to get proper alignment of the stand in relation to the reference axis. This phantom contained a lead ball in the middle of the phantom base and small, lead wires on the top of the phantom.
Proper alignment of the stand in relation to the reference axis was obtained when the lead ball was positioned in the middle of the "crosswire" on the radiogram (figure 5). Next, without moving the stand, a Slit Camera [6] was put in place of "Gunsight" Alignment Tool Insert. This guaranteed that the reference axis would intersect the middle of the slit. Afterwards, a cassette with a radiographic film was placed in the stand base.
Scanning repeatability and selection of the scanning parameters
The optimum scanning parameters of the radiograms analyzed in this paper were chosen after evaluation of the scanning repeatability and the effect of the scanning parameters on the obtained results. The scanning repeatability was checked by scanning the same sensitogram (imaging, on the radiographic film, of 21 steps exposed by visible light made by sensitometer) ten times. The mean pixel values on the sensitogram steps were recorded from each scanning, using ImageJ program [7] . Next, the arithmetic mean value from ten mean pixel values was calculated for each sensitogram step. The results for each scanning were compared to the mean values. The scanning repeatability was evaluated for optical density range of 0.19÷4.09. The optical density values were measured with a densitometer.
An effect of the radiographic film position in relation to the scanner bed was evaluated by scanning the same sensitogram placed at the centre of the scanner bed and close to each edge of the scanner bed. For the position at the centre of the scanner bed, the sensitogram was scanned two times in the position longitudinal and transverse in relation to the scanner bed. For position close to the scanner edges, the longitudinal or transverse position resulted from the sizes of both the radiographic film and the scanner bed (the longitudinal position at the lateral edges and the transverse position at the top / bottom edge). For each position of the radiographic film, the sensitogram was scanned with scanning resolution ranging from 150 DPI (dots per inch) to 2400 DPI. Like for the evaluation of the scanning repeatability, the mean pixel values recorded by means of ImageJ program [7] were analyzed.
In order to select a scanning mode ensuring the greatest ratio of maximum and minimum pixel values the same sensitogram was scanned in three different modes: a colour mode with 24 bit depth, a grey scale mode with 16 bit depth and with 8 bit depth. The ratio of mean pixel values for the sensitogram steps with the smallest and the largest values of the optical density was then evaluated.
In order to select proper resolution of scanning, several focal spot slit radiograms were made for "small" focal spot in X-ray unit No. 1. The focal spot slit radiograms were made using a radiographic film in a cassette without intensifying screens, as well as a radiographic film in a cassette with two intensifying screens. These radiograms were scanned with different resolutions: 150, 300, 600, 1200 and 2400 DPI. The focal spot slit radiograms had the optical density values ranging from 0.41 to 2.38. The focal spot size was determined for each radiogram in accordance with the method described in section "Evaluation of the effective focal spot size using a scanner". Scanning resolution (0.01 mm), required by the standard, was achievable for scanning resolution of 2400 DPI. Therefore, the results obtained for different scanning resolutions were compared to the results for scanning resolution of 2400 DPI.
Selection of an image receptor
Three various types of image receptors were used in order to establish the influence of the image registration on the evaluated effective focal spot size. The first type of the image receptor, recommended by the standard, was a radiographic film in a cassette without intensifying screens. The other two, not specified in the standard, were: a radiographic film in a cassette with one intensifying screen and a radiographic film in a cassette with two intensifying screens. The films were developed in a film processor, which was routinely used for developing patient radiograms. All exposures with slit camera were made using exposure parameters required by the standard (see table 1 ). Next, the effective focal spot sizes were determined for all types of the image receptors in accordance with the method described in section "Evaluation of the effective focal spot size using a scanner" (see below).
Selection of exposure parameters
Series of focal spot slit radiograms (once parallel, once perpendicular to the tube axis) were made using various exposure time values and a tube current value near 50% of the nominal anode input power. It enabled to achieve optical density values in whole possible ranges of film blackening. A tube load value (the product of tube current and exposure time) for which the optical density of the darkest place of the slit image was in the range of 1.00÷1.40 (required by the standard), was determined. Next, the exposures were made for each X-ray unit using 75 kV and the three types of the image receptors described in the previous section ("Selection of an image receptor"). The tube load value was determined as described above, and various tube current values corresponded to the Xray tube power ranging between about 30%÷50% of the nominal anode input power (i.e. for values not required by the standard). The focal spot sizes were determined in accordance with the method described in the next section ("Evaluation of the effective focal spot size using a scanner"). In this way, the measurements of the focal spot size were performed for the slit image optical density values required by the standard, but for various values of X-ray tube power, different to those recommended therein. The purpose of this was to establish the influence of an X-ray tube power on the evaluated effective focal spot size.
Evaluation of the effective focal spot size using a scanner
The focal spot slit radiograms were scanned using a scanner at a scanning resolution of 600 DPI in a grey scale of 16 bit depth. Each scanned pixel had a value in the range of 0÷65535. Due to the necessity of evaluation of the exposure parameters correctness during the slit camera exposures -adequate optical density in the darkest place of the slit image -the scanned pixel values were expressed in optical density values. Therefore, on each measurement day, the films were exposed by a sensitometer. After developing sensitograms in a film processor, the optical density of every step of the sensitograms was measured with a densitometer. Afterwards, the sensitograms were scanned with a scanner. The mean pixel value for every step was measured using ImageJ program [7] . Then, the dependence between the mean pixel values and the optical density values was evaluated. This dependence was used for conversion of slit radiograms, thus pixel values were expressed as optical density values. Next, on the slit radiograms, a line was marked approximately in the middle of the slit image in a given direction to the tube axis and perpendicular to the slit image. The length of this line was equal to the product of the image enlargement factor and the quadrupled maximum allowed (by the standard) value relating to the claimed nominal focal spot value. Line Spread Function (LSF) was determined along this marked line. In order to limit the image noise, a profile was averaged from ten adjacent lines, each one pixel wide. The effective focal spot size in each direction to the tube axis was determined as the quotient of LSF width at 15% of the peak value and enlargement E. Conversion of mean pixel values to optical density values and the analysis of the profiles width, was automated by two plugins to the program ImageJ. These plug-ins were made especially for the needs of this paper.
Evaluation of the effective focal spot size using a precision scaled magnifier
The measurement of the slit radiogram width by using a precision scaled magnifier is not recommended by the standard, but it is usually used during image quality evaluation of medical diagnostic X-ray units. Therefore, the slit radiograms width was measured with a precision scaled magnifier. The measurements were performed for both "large" and "small" focal spots, for all X-ray units, and for all three types of image receptors, using the exposure parameters required by the standard. The measurements were performed by a single person, experienced in this kind of measurements. In this way, by eliminating the variability of the image interpretation by multiple observers, the reproducibility of the results was assured.
The size of the focal spot in both directions in relation to the tube axis was determined according to the formulae below [5] :
where f  , f ⊥ are the focal spot sizes in direction respectively parallel and perpendicular to the tube axis [mm], s is the width of the slit in Slit Camera (0.01 mm), s  , s ⊥ are width of the slit image in direction respectively parallel and perpendicular to the tube axis [mm] and E is enlargement factor. The enlargement factor is given by the following formula:
where d phantom-film is the distance measured between Slit Camera and a radiographic film in a cassette in the base of the stand [cm], d focal spot-phantom is the distance measured between the point marked on the X-ray tube housing (indicating the focal spot position) and Slit Camera [cm] . Next, the effective focal spot sizes evaluated by using a precision scale magnifier were compared to the results obtained with a scanner.
Measurement uncertainty
The uncertainties of the effective focal spot size evaluation were calculated according to the methods described in "Guide to the Expression of Uncertainty in Measurement" [8] . The standard uncertainties were marked as: u(f ⊥ ) for the focal spot size in the direction perpendicular to the tube axis and, and u(f  ) for the focal spot size in the direction parallel to the tube axis.
The uncertainties for the focal spot sizes determined using a scanner were calculated according to the following formulae:
where u(u) is a standard uncertainty resulting from a scanner background noise and a radiographic film granulation, determined on the basis of the results analysis (standard deviation) for 10 lines, close one to another on one scanned slit image, along which the optical density profile was determined [mm], u(s  ) and u(s ⊥ ) are standard uncertainties of the width of the slit images in the direction perpendicular and parallel to the tube axis [mm], resulting from the scanning resolution (adopted as 600 DPI) and from the fact that the width of the optical density profile is determined at the 15±1% of the maximum profile value. The last of these uncertainties is calculated according to the following expression: The uncertainties for focal spot sizes determined by using a precision scaled magnifier were calculated according to the following formulae:
Eq. 8 where u(s  ), u(s ⊥ ) are standard uncertainties of the slit image width for the parallel and perpendicular direction to the tube axis (0.1 mm); u(s) is a slit width accuracy, given by Slit Camera manufacturer (0.001 mm); E is an enlargement factor, given by the formula 3; u(E) is a standard uncertainty of enlargement factor evaluation, given by the equation 9.
The standard uncertainty for enlargement factor evaluation was calculated according to the following formula:
where u(d phantom-film ) is a standard uncertainty for measurement of the distance between Slit Camera and a radiographic film in a cassette placed at the base of the stand (0.1 cm) and u(d focal spot-phantom ) is a standard uncertainty for measurement of the distance between the focal spot position and Slit Camera (0.1 cm).
In order to give an overall extended uncertainty for the effective focal spot sizes (coverage probability = 95%, coverage factor k = 2) the standard uncertainties values (u(f ⊥ ) and u(f  )) were multiplied by 2. The evaluated effective focal spot sizes were equal within the measurement uncertainties limits if an absolute value of the difference between the evaluated focal spot sizes was smaller than the square root of sum of squared overall extended uncertainties [9] .
Results and discussion
Scanning repeatability and selection of the scanning parameters
For tenfold repeating of sensitogram scanning, the obtained mean pixel values did not change more than ±1% of an arithmetic mean value for the optical density values of up to and within ±5% of arithmetic mean value for the optical density values over 2.0.
Mean pixel values for individual sensitogram step did not change more than ±5% of an arithmetic mean value neither for scanning resolution in the range of 150÷2400 DPI, nor for the film moving on the scanner bed nor for the180° rotation of the film. The obtained values differed over a dozen of percentage of an arithmetic mean value depending on the film position on the scanner bed (figure 6): across or along (90° rotation of the film). It might have been the result of the non-isotropic film structure and different light scattering in two perpendicular directions. Therefore all films had to be scanned in the same position, i.e. along the scanner bed.
For the applied radiographic films (blue films in this case) the highest ratio of maximum to minimum pixel values was observed for a 24 bit colour-scale mode and subsequent image splitting into three colour channels and the analysis of the 8-bit red channel. For the images acquired with the 16-bit greyscale scanning mode, the ratio was equal to about 90% of that for a 24 bit colour-scale mode. However, due to greater bit depth, the conversion of pixel values to optical density values was more precise. The maximum difference of the "small" focal spot size obtained for various scanning resolutions, expressed as the percentage of the result obtained for 2400 DPI, was 8% (table 3). "Small" focal spot sizes for scanning resolution in the range of 600÷2400 DPI were comparable within ±1% for maximum optical density value over 1.00 and up to ±3% for maximum optical density value below 1.00, expressed as the percentage of the result obtained for 2400 DPI (table 3) . Scanning at resolution over 600 DPI did not provide additional information. Moreover, it significantly increased the scanning time and the size of the data files, and increased random fluctuations of the profiles ( figure 7) . In some cases (especially for optical density values below 1.0) it might have affected the automatic profile width analysis or even make it impossible.
On the basis of the obtained results, the optimum scanning parameters were selected as follows: a 16 bit grey-scale mode and scanning resolution of 600 DPI. differences of the "small" focal spot sizes for X-ray unit No.1 for various scanning resolution in the ratio to the focal spot 
Effect of image receptor type on the evaluated effective focal spot sizes
For all X-ray units, the effective focal spot sizes in the direction perpendicular to the tube axis determined by means of image receptors with one or two intensifying screens were equal (within measurement uncertainties limits) to the results for an image receptor without intensifying screens (table 4) . The effective focal spot sizes in the direction parallel to the tube axis determined by using the image receptors with one or two intensifying screens were smaller than the results for the image receptor without intensifying screens (maximum 18% difference for the "large" focal spot of X-ray unit No 1, expressed as the percentage of the result obtained for the image receptor without intensifying screens). This may be explained by the difference of contrast for image receptors with intensifying screens and without them [10] . As it was shown in the cited study, for the optical density values in the range of 0.5÷1.5, both types of image receptors have linear characteristics but differ significantly in average gradient, which is about 3.5 for the film with intensifying screens and about 1.2 for the film alone. It means that the density profile for film alone is wider in comparison to film with an intensifying screen. It is seen especially for profiles with less inclined edges. It was impossible to obtain proper optical density values for a single exposure, for the image receptor without an intensifying screen. It also required significantly higher tube load value than in case of the image receptor with one or two intensifying screens, respectively 25÷51 and 40÷160 times greater (table 4). This exposed the X-ray tube to the risk of damage. Using an image receptor with an intensifying screen in order to decrease tube load values is also suggested by other authors [11] . Moreover, multiple exposures may be connected with the movement of the measurement construction leading to image blur (for example in the result of vibrations). Consequently, it may cause an overestimation of the result of the effective focal spot size measurement [12] . Therefore, during evaluation of the effective focal spot sizes it is possible to use an image receptor with one or two intensifying screens instead of an image receptor without intensifying screens, as long as proper value of optical density is reached. Table 6 . The effective focal spot sizes in direction parallel (f  ) and perpendicular (f ⊥ ) to the tube axis for measurements of the slit radiogram width by using a scanner and a precision scaled magnifier.
Effect of X-ray tube power on the evaluated effective focal spot sizes
As shown in table 5, the effective focal spot size in most cases increased together with the increase of the X-ray tube power (i.e. with tube load value). It was due to a mutual repulsion of the electrons. Occurrence and scale of this physical phenomenon depends on the design and construction of the Xray tube [13] . The differences between the results for X-ray tube power lower than 50% of the nominal anode input power and the results for X-ray tube power of 50% of the nominal anode input power were from -10% up to 6% (for "small" focal spot) and from -9% up to 9% (for "large" focal spot), expressed as the percentage of the result obtained for X-ray tube power of 50% of the nominal anode input power for each image receptor type. However, all the effective focal spot sizes estimated for X-ray tube power lower than 50% of the nominal anode input power were equal within measurement uncertainties limits in comparison to the results for X-ray tube power of 50% of the nominal anode input power. Therefore, if the X-ray unit construction makes it impossible to precisely set an X-ray tube power value required by the standard , the measurements may be performed for X-ray tube power ranging between 30%÷50% of the nominal anode input power and for exposure times assuring proper optical density values of the slit images. Measurements of the effective focal spot sizes performed at the exposure parameters described above are not burdened with measuring error, disturbing proper interpretation of the result.
Effect of the slit width measurement method on the evaluated effective focal spot sizes
The slit width measurement using a precision scaled magnifier caused, in most cases, a decrease in the effective focal spot size in comparison to the results obtained for a scanner: by maximum 11% in the direction perpendicular to the tube axis and 8% in the direction parallel to the tube axis, expressed as the percentage of the result obtained with a scanner (table 6). The results for both the scanner and the precision scaled magnifier were equal within the measurement uncertainties limits. Therefore, it is possible to resign from a timeconsuming method of the slit width measurement by a scanner in favour of measurement with a precision scaled magnifier.
Conclusions
During evaluation of the effective focal spot sizes of medical diagnostic X-ray tube, it is possible to make some deviations from requirements of the EN 60336:2005 standard without a significant influence on the result. The image receptor with one intensifying screen or two intensifying screens may be used, but the optical value of the slit image has to be proper (i.e. in the range of 1.0÷1.4) and X-ray exposures have to be performed using tube current value matching X-ray tube power ranged of about 30%÷50% of the nominal anode input power. What is more, a precision scaled magnifier with magnification of 5÷10x with scale of 0.1 mm may be used for the slit radiogram width measurement instead of a time-consuming scanning of the slit radiogram. These deviations from the requirements of the standard allow to shorten measurement time and to decrease tube current value during X-ray exposures, which reduces the risk of the X-ray tube damage.
